Abstract: A method for evaluation of temporal changes in canopy transpiration rate and stomatal conductance in crop fields by using a plant hormone abscisic acid (ABA) has recently been developed. The method was applied to a corn canopy at different growth stages in the upper Yellow River basin, China. Diurnal changes in the canopy transpiration rate and stomatal conductance were evaluated at the initial stage with a leaf area index (LAI) of 0.37 on June 7 and the crop development stage with an LAI of 4.39 on July 15, 2005. The proportions of the accumulated transpiration rate during daytime to the accumulated evapotranspiration were 24% and 74% at the initial and crop development stages, respectively. Stomatal conductance varied in parallel with transpiration rate in the initial stage of the crop. However, in the crop development stage with low soil water content, stomatal conductance reached the maximum value at 10:00 a.m. and thereafter decreased rapidly at around noon with high evaporative demand to corn canopy. This shows the midday stomatal closure was caused by excessive water stress to corn canopy in the crop development stage. Thus, the proposed method with ABA application is useful for evaluation of temporal changes in transpiration rate and stomatal conductance, and hence, can detect the plant water stress.
Introduction
Micrometeorological methods such as the Bowen ratio method have usually been used to measure the evapotranspiration rate (i.e. sum of crop canopy transpiration and soil evaporation) in crop fields, however they are impossible to evaluate the canopy transpiration rate which is an important biological factor affecting water balance in crop fields (Monteith & Unsworth, 1990) . It is therefore desired to develop a method for evaluating the canopy transpiration rate in the field.
As a practical method for individual evaluation of the canopy transpiration and the soil evaporation, the dual crop coefficient approach was recommended by FAO (Allen et al., 1998) . This method calculates the day-to-day variations of the daily-accumulated canopy transpiration and soil evaporation, but cannot evaluate their temporal variations.
The temporal variations of canopy transpiration rate and stomatal conductance were evaluated by measuring leaf temperature, which is directly determined by water and heat balance on a leaf (Inoue et al., 1990; Yamada et al., 2004) . These seem to be effective evaluation methods, however, need the net radiation on the plant canopy, which is difficult to be measured accurately. Yasutake et al. (2005) proposed a method for evaluating temporal variations of canopy transpiration rate and stomatal conductance by applying a transpiration inhibiting plant hormone, abscisic acid (ABA), in which measurement of the net radiation on the plant canopy is not required. We applied this method to evaluate the diurnal changes in transpiration rate and stomatal conductance of corn canopy at different growth stages in the upper Yellow River basin, China. Figure 1 shows a schematic diagram of the concept of the proposed method for evaluating the canopy transpiration rate in crop fields by applying a transpiration inhibiting plant hormone, abscisic acid (ABA) (YASUTAKE et al., 2005) . ABA is applied to a few plants in the field, which induces stomatal closure and depression in transpiration without any changes in turgidity and spectrum characteristics c 
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where aRS is the short-wave radiant flux density absorbed by plants, RL is the long-wave radiant flux density to plants, εL (= 0.97) is the emissivity of a leaf, σ is the StefanBoltzman constant, CPρ is the volumetric heat capacity of air, GA is the boundary layer conductance over the plant canopy in the field, TL and T L are the leaf temperatures of the non-ABA applied and the ABA applied plants, λ is the latent heat of vaporization of water, Tr and T r are the canopy transpiration rates of the non-ABA applied and the ABA applied plants and n (= 0∼1) is the coefficient of transpiration depression by the ABA application. The superscript " " attached to T L and T r indicates the ABA application to plants. Subtracting Eq. (2) from Eq. (1) gives
when the difference between T L and TL is relatively small (KITANO et al., 1990) . Eq. (4) can be written as
with
and
where GR is the radiative transfer conductance and ∆TL is the rise in leaf temperature by the ABA application to plants. The coefficient n has to be evaluated by a more detailed experiment using the ABA applied and the non-ABA applied plants. Then, once the coefficient n is known, the canopy transpiration rate can be evaluated by measuring only ∆TL and GA in the field, where measurement of the net radiation on the plant canopy is not required. Furthermore, stomatal conductance (GS) in the plant canopy can be calculated in terms of the Tr and the vapour density difference (∆W ) between the plant canopy and the ambient air as
Application to corn canopy The proposed method was applied to corn canopy at different growth stages defined by ALLEN et al. (1998) • 11.0 E, altitude 995 m above mean sea level). This field was established for conducting irrigation experiments, where corn plants (Zea mays L. cv. Zhedan No. 7) were cultivated with a density of 6.11 plants m −2 and meteorological and hydrological elements were observed and recorded continuously (IWANAGA et al., 2005) . The mean plant height (h) and leaf area index (LAI) were 0.44 m and 0.37 m 2 m −2 , respectively on 7 June, and were 1.73 m and 4.39 m 2 m −2 , respectively on 15 July. On the previous day of measurements, 10 −4 M ABA solution was applied to soil surface around the roots of three plants (the ABA applied plants) at the ratio of 1.0 L plant −1 . To obtain values of n and ∆TL, transpiration rates (Tr c and Trc) and temperatures (T L and TL) of leaves of the ABA applied and the non-ABA applied plants were measured using a leaf chamber system (LI-6400, LI-COR Inc., USA) and an infrared thermometer (ii-1064, HORIBA Ltd., Kyoto) during daytime on 7 June and 15 July, respectively. The subscript "c" attached to Tr c and Trc indicates the leaf chamber system, that is, Tr c and Trc are the transpiration rates of single leaves in the ABA applied and the non-ABA applied plants. The coefficient n can be calculated as 1 − T r c /T rc arranged from Eq. (3), and daily mean value of n was used in Eq. (5). The GA over the corn canopy under the neutral conditions can be calculated by Eq. (9) (ALLEN et al., 1998) . Although the stability over the canopy was not necessarily neutral, it was assumed to be so for a first approximation as
where k is the von Karman's constant (= 0.41), U is the wind speed at height zw, zw and z h are the heights of wind and humidity measurements, respectively, z0w and z 0h are the roughness lengths governing momentum transfer and heat and vapour transfer, respectively, and d is the zero plane displacement height. In this study, zw and z h were determined as 5.76 and 5.79 m, respectively. The values for d, z 0h and z0w were calculated from the empirical equations (d = 2/3 h, z 0h = 0.1 z0w, z0w = 0.123 h) proposed by BRUTSAERT (1975) . Using n, ∆TL and GA, diurnal changes in Tr and GS of the corn canopy were evaluated.
Evapotranspiration
To examine the validity of Tr evaluated by the proposed method, diurnal change in evapotranspiration rate (ET ) in the corn field was also measured by the Bowen ratio method (MONTEITH & UNSWORTH, 1990) as
where Rn is the net radiation, G is the ground heat flux and β is the Bowen ratio. The G measured at the 5 cm depth in the corn field (IWANAGA et al., 2005) was used in Eq. (10) and the β was evaluated using the air temperature and humidity measured at two heights above the corn canopy.
Results and discussion Figure 2 shows the diurnal changes in hourly mean values of solar radiation (R S ), air temperature (T A ) and relative humidity (RH ) at 5.79 m height, U at 5.76 m height and G A over the canopy in the corn field on 7
June and 15 July, respectively. R S started to increase from 6:00 a.m. and reached the maximum of about 900 W m −2 at around noon. T A followed R S with a lag of a few hours and conditions with high T A and low RH were observed in the afternoon. and 2.1 m s −1 on 15 July. G A had the same time variation pattern as that of U. Thus, weather was very fine and conditions with high evaporative demand to corn canopy were found during the daytime on those days. On the other hand, 14.7 mm precipitation was observed from 5 to 6 June, and therefore daily mean value of volumetric soil water content measured at the 10 cm depth in the corn field (Iwanaga et al., 2005) was fairly high on 7 June (19.0% vol.) compared to that on 15 July (10.5% vol.). Figure 3 shows the diurnal changes in Tr c , Tr c , the coefficient n
June and 15 July. The ABA application to corn plants induced remarkable depression in transpiration rate and rise in leaf temperature. The coefficient n varied with the daytime environmental condition, and daily mean value of n was 0.47 and 0.53 on 7 June and 15 July, respectively. Yasutake et al. (2005) showed that the relative error for evaluation of the diurnal change in Tr was usually less than 10% in the preliminary experiment in which Tr evaluated by using the daily mean n for Eq. (5) was compared with Tr measured by the weighing method. Therefore, daily mean n was used in Eq. (5) for simplifying the proposed method. ∆T L increased during the daytime and was smaller on 7 June than on 15 July because G A was larger on 7 June.
Then, using actually measured hourly changes in G A and ∆T L , but only daily mean value of n, the diurnal changes in Tr and G S of the corn canopy were evaluated by Eqs (5) Time of day (10), is also shown. Tr and ET varied with the daytime environmental condition. On 7 June with a lower LAI and a higher soil water content, the accumulated Tr during daytime (7:00-19:00) accounted for 1282.8 g m −2 , which corresponded to 23.5% of the accumulated ET (5467.7 g m −2 ). Kang et al. (2003) and Kitano et al. (2006) showed that the proportion of Tr to ET at an LAI of 0.37 was in a range between 15% and 31%. The result obtained in this study lies within this range. On the other hand, on 15 July with a higher LAI and a lower soil water content, the accumulated Tr (3018.1 g m −2 ) during daytime (6:00-19:00) corresponded to 73.9% of the accumulated ET (4081.6 g m −2 ). This value of Tr was nearly equal to the result (3221.3 g m −2 ) by Kitano et al. (2006) . Therefore, values of Tr evaluated by the proposed method seem to be reasonable.
Furthermore, G S had a maximum value at 10:00 a.m. and thereafter decreased rapidly during the midday on 15 July, while G S varied smoothly in parallel with Tr on 7 June. This indicates that the midday stomatal closure was caused by the excessive evaporative demand to corn canopy under the condition of lower soil water content in the corn field on 15 July.
Thus, diurnal changes in transpiration rate and stomatal conductance of corn canopy at different growth stages were evaluated by applying the proposed method with ABA application to plants, and the midday stomatal closure in response to the excessive plant water stress was also detected in the crop development stage in the corn field.
